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Recently, a new quantum phase, the topological insulator, has been vividly investigated in a variety of mate-
rials. Its unique bandstructure allows for optical generation and control of spin-polarized currents based on
the circular photogalvanic effect. In this paper, we generate and distinguish the different photocurrent con-
tributions via the the polarization of the driving light wave. We discuss the helicity-dependent spin-polarized
current and the polarization independent thermoelectric current as spatially resolved maps, focusing on the
influence of the topological insulator/metallic contact interface. We observe for both current contributions
a significant enhancement of the current values at the topological insulator/metallic contact interface and
moreover a dipole-like distribution of the spin-polarized current close to the contacts. We discuss the general
behavior of the thermovoltage as a three-material Seebeck effect and explain the enhanced values by the
acceleration of the photoelectrons generated in the space charge region of the topological insulator/metallic
contact interface. Furthermore, we interpret the temperature gradient together with the spin Nernst effect as
a possible origin for the enhancement and dipole-like distribution of the spin-polarized current.
Recently, topological order gained a lot of attention
among physicists after the discovery of topological in-
sulators (TIs)1–3 in solid state materials. This addi-
tional state of quantum matter differs from trivial in-
sulators by hosting a bulk energy gap, while the sur-
face possesses gapless electronic states that are protected
by time-reversal symmetry. The spin-momentum lock-
ing present in TIs suppresses the backscattering of the
surface states in the absence of magnetic impurities4,5
making them promising candidates for spintronics- or
optoelectronics applications. In this paper, we investi-
gate Bi2Se3, which, among Bi2Te3 and Sb2Te3, belongs
to the ”second generation” of TI’s6,7. The non-trivial
topology of this group of strong topological insulators is
caused by a band inversion due to the large SOC in the
p-orbital manifold at the Γ-point5. The topologically-
protected surface states make those materials suitable
candidates for polarization-sensitive detectors based on
the polarization-dependent photovoltaic and photogal-
vanic effects8,9. The underlying idea for polarization-
sensitive detectors is creating an asymmetric distribu-
tion of spin-polarized surface states which gives rise -
due to the spin-momentum locking - to a directed spin-
polarized current. The physical mechanism behind the
optically induced asymmetric surface state distribution
is the circular photogalvanic effect (CPGE) which was
first established in semiconductor quantum wells10. This
idea has been realized in several optoelectronic experi-
ments, which demonstrate the direction control of spin-
polarized currents by circular polarized light on TI mate-
rials structured to devices in the micrometer range11–13.
But only little is known about those effects when the di-
mensions of TIs decrease towards the nanometer scale
e.g. in nanowires. There is one example for all-optical
control in Bi2Te3Se nanowires by Seifert et al.
13, who
observe an enhancement of the THz amplitude in the
vicinity of the gold contacts which they explain by a lo-
cally enhanced spin-polarized current. Hence the goal in
this paper is to measure the spatial distribution of spin-
polarized currents across TI nanowire devices to further
investigate the influence of the metallic contacts on the
spin-polarized current and to discuss the origin of their
enhancement close to the topological insulator/metallic
contact interface.
The photoelectric measurements in this paper are per-
formed on Bi2Se3 nanowires synthesized by the gold-
catalyzed vapor-liquid-solid method (for more details on
the nanowire growth see Shin et al.14). The nanowires
are grown in [110] direction as single-crystal structures
assuring a smooth surface. The nanowire dimensions are
larger than 10 nm to prevent hybridization of the topo-
logical surfaces states14,15. The width is in the order of
50 nm and the thickness spans from 50 nm to 150 nm.
The nanowires are transferred mechanically to a Si(111)
substrate with 100µm of SiOx. Contact pads of 5 nm Cr
underneath 50 nm Au are subsequently patterned above
for electric contact. The contact spacing is 14µm. The
nanowire devices for each measurement are displayed in
a micrograph (see FIG. 2(a) and FIG. 3(c) and (f)). The
photoelectric measurements are recorded using the lock-
in technique. A diode laser with a wavelength of 785 nm
(1.55 eV) modulated at 77 Hz by a square-function gen-
erator serves as a light source. The laser beam is guided
through a linear polarizer combined with a rotatable
quarter-wave plate (qwp) for polarization control before
impinging at an angle of incidence of θ = 45◦ on the
sample surface. The laser light is focused down to a spot
size of (2.9± 0.08) µm × (3.4± 0.12) µm on the sample
surface. The measured photocurrent j (α) (photovoltage
v (α)) is mapped to the polarization state via the qwp
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rotational angle α. Thus, the photocurrent is measured
at fixed positions (k,j) for linear, left-circular and right-
circular polarized light, scanning the sample surface ver-
tically and horizontally by moving the laser across the
sample surface with stepper motors. At the same time,
the light intensity I(α) reflected from the sample surface
is recorded by a second lock-in amplifier via a photodi-
ode for each rotational angle α. The qwp rotates at every
laser spot position (k,j) from α = 0,∆α, . . . , 360◦ with a
step size of ∆α = 6◦. Afterwards, the laser spot is moved
in the vertical direction by ∆j = 1µm to the next posi-
tion (k, j−∆j). There, the qwp is again rotated and the
photocurrent j (α) and the reflected intensity I (α) are
measured. This generates a set of 60 current (voltage)
values at each position (j,k) as presented in FIG. 1. The
photocurrent (voltage) is measured until the last position
(0,0) is reached.
The data is evaluated by identifying the contributions in
the measured photocurrent (voltage) by their polariza-
tion dependence. We use the ansatz suggested by McIver
et al.11 that includes four contributions:
j (α) = C sin(2α) + L1 sin(4α) + L2 cos(4α) +D. (1)
In our measurements, the laser light is linear polarized
at α = 0, 90, 180, 270 and 360◦, left-circular polarized σ+
at α = 45 and 225◦ and right-circular polarized σ− at
α = 135 and 345◦. The term C sin(2α) in Eq.(1) repre-
sents the spin-polarized helicity dependent current. The
amplitude 2C is the photocurrent difference between σ+-
and σ−-light. The qwp phase is set so that sin(2α) is
zero for linear polarized light. The physical origin of this
term is still under discussion. Measurements by Shalgyin
et al. on (110)-grown quantum wells prove that the cir-
cular photon drag effect can cause a helicity-dependent
current16, while later measurements on exfoliated Bi2Se3
Hall bar devices by McIver et al.11 related the helicity-
dependent currents to the CPGE. In this paper, we relate
the first term C sin(2α) in Eq. (1) to the CPGE follow-
ing the notation established in the recent works11,17 and
discuss the amount of spin-polarized current by display-
ing the amplitude C. Both middle terms, L1 sin(4α) and
L2 cos(4α), have a different frequency than the first term,
hence they do not affect the first term. The third term
L2 cos(4α) represents the polarization-dependent absorp-
tion. The physical effects related to the two contributions
are still under discussion both being sometimes related
to the linear photogalvanic effect or the photon drag
effect11,18,19. The last term D is polarization indepen-
dent. As we have shown in a previous work by ref.20,
the physical origin is the Seebeck effect. Additional con-
tributions caused by the polarization-independent pho-
togalvanic or photon drag effects are negligible.
For data analysis, the function j(α) (v(α)) is fitted to
the experimental data to extract the parameters C, L1,
L2 and D at each position (j, k) as in FIG. 1. The dis-
cussed parameters C and D are displayed in two dimen-
sional maps as a function of the laser spot position, see
FIG. 2(b) and (c). The contact pad positions (edges are
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FIG. 1. Measured photovoltage v (α) for α = 0,∆α, . . . , 360
with ∆α = 6◦ at position (17,8) in FIG. 3(d). The measured
data (black squares) and the fit function (blue line) are dis-
played. The top arrows represent the polarization state of the
laser light.
marked by orange lines) and the nanowire (black line)
are determined from reflectivity data. We concentrate
on the parameters C and D to investigate the influence
of the thermoelectric current on the spin-polarized pho-
tocurrent and their apparent enhacement in the vicinity
of the contact pads.
The two dimensional map of the thermoelectric current in
FIG. 2(b) shows that the thermoelectric current changes
its sign when the laser spot is moved from one contact
to the other. The contour plot (green line in FIG. 2(b))
along the nanowire demonstrates that the slope of the
thermoelectric current changes along the nanowire and
the thermoelectric current reaches its extremal values at
the crossing of the contact pads and the nanowire. The
pink and grey contour plots extracted along the contact
pads emphasize this by indicating that the temperature
gradient along the nanowire is not constant. The current
map of the spin-polarized current, represented by the pa-
rameter C, is displayed in FIG. 2(c). We find a constant
spin-polarized current along the nanowire in a small area
where the contact pads can be neglected. When the laser
spot illuminates the nanowire close to the contact pads,
the spin-polarized current increases and shows a dipole-
like distribution. We observed the same distribution in
an earlier work see ref20.
The measurement was repeated on a second nanowire,
maintaining the contact distance and laser conditions,
but changing the contact geometry. The results for
axisymmetric contacts or point-symmetric contacts are
shown in FIG. 3. For the thermoelectric contribution,
we observe for both contact geometries enhanced val-
ues at the crossing of the contacts and the nanowire.
The thermovoltage in FIG.3(a) reaches D = 15.13µV
at the drain electrode and goes down to D = 0.85µV
at position (12,7) on the nanowire, which qualitatively
matches the findings for the thermoelectric current in
FIG.2. In FIG.3(b) and (e), the spin-polarized voltages
for the two contact geometries are displayed. The spin-
polarized voltage reaches a minimum of C = −1.84µV
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FIG. 2. Photocurrent measurement on a Bi2Se3 nanowire
with a 14µm gap with the drain (source) electrode on the
right (left). (a) shows the micrograph of the measured area.
The spatially resolved results for (b) the thermoelectric cur-
rent and (c) the spin-polarized current are presented, includ-
ing contour plots along the nanowire (green lines), the con-
tacts (pink and gray lines) and through the center of the
nanowire (violet lines).
at (22,8) close to the source electrode and decreases to
C = −0.52µV at (14,8) in the middle of the nanowire.
At the crossing of the contact pad and the nanowire, the
voltage is dipole-like distributed, which is in good agree-
ment with the results observed in FIG.2(c). Switching
between the axisymmteric and the point-symmetric con-
tacts does not affect the shape of the distribution or the
sign of the voltage at different areas (see FIG. 3(b) and
(e)). We find a dipole-like distributed spin-polarized cur-
rent for different nanowires.
In the following we will discuss the origin of the sign
change of the thermovoltage along the nanowire and
the enhancement of the thermovoltage at the nanowire/
contact interface. The thermovoltage ∆V along the
nanowire is caused by the local heating by the laser light.
This can be described with a simple qualitative model
based on the Seebeck effect. For simplicity, we omit the
5 nm thick chromium interlayer and treat the contacts as
a pure gold layer. Leonard et al. observed in a device of
two metal contacts and a semiconductor nanowire an en-
hanced thermovoltage21 which matches our results qual-
itatively. According to them, the thermovoltage ∆V for
our simplified device can be written as
∆V = VD − Vs = (SAu − STI)(TD − TS) (2)
where SAu is the Seebeck coefficient of the gold contact,
STI is nanowire Seebeck coefficient, TD is the drain tem-
perature (ground electrode), and TS is the source tem-
perature (minus pole). We have SAu−STI > 0 in Eq.(2),
since the Seebeck coefficient for gold is SAu = 1.94µV/K
at 300 K and for Bi2Se3 nanowires is STI ≈ 100µV/K
at 300 K14. When the drain electrode is illuminated, we
get TD > TS which results in a positive thermovoltage
∆V . This is in good agreement with FIG. 3(d). Illu-
minating the source electrode would reverse the voltage
which matches the results in FIG. 3(d). Changing the
contact geometry from axisymmteric to point-symmetric
(see FIG.3(a)) does not effect the temperature gradient.
Hence, the results in FIG. 3(a) and (f) are the same.
The simple model for the two-interface Seebeck effect
in Eq. (2) describes the sign change of the thermo-
voltage along the nanowire, but an additional effect is
needed to explain the thermovoltage enhancement at the
nanowire/contact interface. The band gap of Bi2Se3 is
300 eV which is typical for semiconductors. Therefore,
we expect a band bending at the interface depicted in
FIG.3(g). Due to the band bending, a positive (negative)
space charge zone forms in the contact (nanowire) at the
interface. When the laser illuminates the nanowire close
to the contact near the drain electrode, an electron-hole
pair is created. The electron will be accelerated to the
drain electrode and the hole to the center of the nanowire,
driven by the electric field around the interface. The elec-
trons entering the drain electrode will contribute to the
net-positive current when the holes annihilate with elec-
trons, originating from the source electrode. The pho-
toelectrons generated close to the source electrode con-
tribute to the net-negative current, since the electric field
of the space charge region changes it sign. The enhance-
ment at the drain electrode has a maximum at position
(7,7) and decreases when the laser spot is moved away
from this position. The decrease is due to the Gaus-
sian laser intensity profile. When the laser spot is moved
away from position (7,7), less photons illuminate the con-
tact/nanowire interface and the current contributing to
the measured voltage decreases. The same effect appears
at the source electrode, but with an opposite sign.
Comparing the position of the extremal spin-polarized
voltage in FIG.3(e) reveals that the largest and smallest
spin-polarized current are located at the edges of the con-
tacts. This is similar to our earlier observations22 on pho-
tocurrent measurements on (Bi0.57Sb0.43)2Te3 Hall bars.
There we report the accumulation of a negative spin-
polarized current along one Hall bar edge and a positive
spin-polarized current along the opposite edge, caused by
the spin Nernst effect. The spin Nernst effect leads to an
additional movement of spin-up and spin-down electrons
in opposite directions perpendicular to the temperature
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FIG. 3. Photovoltage measurements on a Bi2Se3 nanowire for different contacts. In (a), the thermovoltage map and in (b), the
spin-polarized voltage map for the axisymmetric contacts are displayed. In (c), the axisymetric position of the bond contacts
is marked in black on a micrograph of the sample. In (d), the thermovoltage map and in (e), the spin-polarized voltage map
are displayed for point-symmetric contacts. The bond contact position is marked in (f) on a micrograph of the sample. The
contour plots along the nanowire (green lines) and along the contacts (pink and grey lines) are displayed next to the voltage
maps. In (g), the influence of the band bending at the contact/nanowire interface on the photoelectrons is illustrated.
gradient. At the edges, one spin species is limited in its
movement, which increases the optical induced asymmet-
ric population of the surface states at the contact edges.
This leads to an increase of the spin-polarized current
at the contact edges on top of the nanowire. Hence we
observe a positive (negative) spin-polarized current on
the left (right) side of the drain electrode and zero spin-
polarized current where the nanowire crosses the center
of the contact (see FIG. 3(e)). At the source electrode,
the temperature gradient is negative compared to the
drain electrode (see FIG.3(a)). Hence we expect a sim-
ilar distribution of the spin-polarized current with the
opposite sign, i.e. we expect a positive (negative) spin-
current at the right side (left) of the source electrode,
which matches the spin-polarized voltage at the source
electrode in FIG.3(e).
In summary, spatially resolved photocurrent measure-
ments on Bi2Se3 nanowires were performed, focusing on
the influence of the contact/nanowire interface on the
thermovoltage and the spin-polarized current. Photocur-
rent measurements on several nanowires yield qualita-
tively similar results. The thermovoltage enhancement
on the contact/nanowire interface is due to the See-
beck effect at the metal/semiconductor/metal junction
and the band bending at the contact/nanowire interface.
The Seebeck effect explains the thermovoltage gradient
along the nanowire. The acceleration of the photoelec-
trons generated in the space charge region of the con-
tact/nanowire interface causes the enhancement and, in
combination with the Gaussian profile of the laser light,
the radial symmetry of the thermovoltage centered at
the nanowire contact crossing. We observe for the spin-
polarized voltage a constant region in the middle of the
nanowire and an enhancement together with a dipole-
like distribution of spin-polarized voltage at the contact
edges. The spin-polarized voltage distribution is caused
by the spin Nernst effect. We show that the influence of
the gold contacts to the overall behavior of the nanowire
is significant. The enhancement of the spin-polarized
current, created in the vicinity of the contact pads, is
in good agrement with the findings reported by Seifert
et al.13. However, in our low excitation regime, the en-
hancement is caused by band-bending effects at the con-
tact/nanowire interface and the spin Nernst effect. En-
hancing spin-polarized currents in TI nanowires opens
up new possibilities for spin current engineering, e.g.
generating circular polarized THz radiation by crossed
nanowires.
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